The relative stabilities of the compounds in the binary Pd-Si system were assessed using first-principles calculations and experimental methods. Calculations of lattice parameters and enthalpy of formation indicate that Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, Pd 2 Si-c, and PdSi-d are the stable phases at 0 K (-273°C). X-ray diffraction analyses (XRD) and electron probe microanalysis (EPMA) of the as-solidified and heat-treated samples support the computational findings, except that the PdSi-d phase was not observed at low temperature. Considering both experimental data and first-principles results, the compounds Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, and Pd 2 Si-c are treated as stable phases down to 0 K (À273°C), while the PdSi-d is treated as being stable over a limited range, exhibiting a lower bound. Using these findings, a comprehensive solution-based thermodynamic model is formulated for the Pd-Si system, permitting phase diagram calculation. The liquid phase is described using a three-species association model and other phases are treated as solid solutions, where a random substitutional model is adopted for Pd-fcc and Si-dia, and a two-sublattice model is employed for Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, Pd 2 Si-c, and PdSi-d. Model parameters are fitted using available experimental data and first-principles data, and the resulting phase diagram is reported over the full range of compositions.
I. INTRODUCTION
NON-EQUILIBRIUM effects, such as the formation of metastable crystalline phases, deviation from equilibrium compositions, incorporation of crystal defects, and the presence of non-crystalline ordering as observed in quasicrystalline or glassy phases, can give rise to unusual properties in materials. Certainly, applications of metallic glasses have taken advantage of enhanced mechanical properties associated with non-crystalline structure, and the promise of many related performance benefits calls for the navigation of the far-from-equilibrium energetic and dynamic landscape through controlled materials processing and integrated computational materials engineering (ICME). [1] Detailed thermodynamic models are needed here. As a minimum, reliable solution-based descriptions of Gibbs free energy are required for all phases, compositions, and defect structures that may play a role in the relevant transformation kinetics and the competition between crystalline and non-crystalline phases in glass-forming metallic alloys. [2] [3] [4] Glass formation in metals is not a rare phenomenon, and many non-crystalline alloys have been reported to form during rapid cooling from the melt. The Pd-Si-Cu system is of particular interest, having been shown to exhibit a transition from crystalline solidification to non-crystalline solidification (i.e., glass formation) during directional growth at relatively low rates. [5] Indeed, the ''bulk glass forming'' composition of Pd 77:5 Cu 6 Si 16:5 (at. pct) [6, 7] has been reported to exhibit glass formation in specimens up to 11 mm in diameter. [8] Many intermediate phases have also been observed, but their relative stabilities have not been quantified or effectively integrated into a comprehensive energetic framework for this alloy system, as is required for an understanding of far-from-equilibrium transformations and metastable phase competition. As a subsystem of the Pd-Cu-Si system, we focus presently on the Pd-Si binary. For this system, we use experiments and first-principles calculations to examine relative phase stabilities and then develop a general solution-based thermodynamic description of the system.
The Pd-Si phase diagram was first modeled by Saunders [9] in 1985 and remodeled by Baxi and Massalski [10] in 1991. The most recent thermodynamic description for the Pd-Si system was offered by Du et al., [11] as summarized by the phase diagram shown in Figure 1 , providing reasonable agreement with conventional thermal analysis experiments. [12] In light of recent observations involving crystallization from amorphous solid, [13] [14] [15] [16] [17] [18] however, we presently revisit this system to examine a few specific points that call for clarification. The first of these involves the Pd 9 Si 2 -a phase, which is shown in Du's model to exist only between 1037 K and 1073 K (764°C and (800°C). However, experimental observations of Pd 9 Si 2 -a forming from the glass at low temperatures [13] [14] [15] [16] [17] [18] suggest that the stability range for this phase might extend to much lower temperatures. The second involves the Pd 3 Si-b phase, which is shown by Du's formulation to exhibit peritectic decomposition at 1337 K(1064°C) in Figure 1 , even though a large body of experimental evidence [10, [19] [20] [21] [22] [23] is available to indicate that this phase melts congruently and that an eutectic point exists at a slightly higher Pd content. The third issue relates to the Pd 2 Si-c phase. Using XRD measurements, Nylund [24] determined that this phase has an Fe 2 P prototype (with a corresponding PdSi 2 phase exhibiting the same prototype). Massara and Feschotte [12] further investigated the Pd 2 Si-c phase using high temperature XRD measurements and suggested that there are three very similar crystalline structures formed within the composition ranges 33.3 to 34.5 at. pct Si. Accordingly, Du's model [11] includes three phases, centered around the Pd 2 Si-c composition. However, no specific crystal structures have been reported to substantiate the assertion that there are three distinct phases here. Rather, inconsistencies between reports of formation enthalpy (see Figure 2) highlight the need to revisit the available models. [9] [10] [11] [25] [26] [27] In the work reported here, we address each of these three issues and provide other specific points of reference with regard to phase stability in the Pd-Si system. More generally, by incorporating both first-principles calculations and experimental results into our semi-empirical approach, we bring further clarity to the overall thermodynamic description of this system.
II. FIRST-PRINCIPLES CALCULATIONS
To quantify the relative stabilities of the various intermetallic compounds in the Pd-Si system, we compute the zero-Kelvin enthalpies of formation relative to the pure component reference states with a first-principles approach. The total energy E h is computed for each phase using the Vienna ab initio simulation package (VASP) code [28] employing projector augmented wave method [29] and the high precision generalized gradient approximation (GGA). [30] High precision was used to ensure that the computed absolute energies were converged to a few meV. Spin polarization was enabled. The energy cut-off values, the MonkhorstÀPack k-point mesh size, and the relaxation scheme used for each compound are listed in 
The calculations were performed for the Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, Pd 2 Si-c, and PdSi-d phases, as summarized in Table I Because each of these phases were reported by Du et al. [11] to be stable only over a small range of high temperatures, they deserve additional consideration with respect to their free energy. In the next section, we detail several experiments aimed at assessing the relative stabilities of these phases. Fig. 1 -The Pd-Si binary phase diagram, computed using the parameters by Du et al. [11] III. EXPERIMENTS Test specimens of selected alloy compositions were prepared from the pure elements (0.9999 Pd and 0.99999 Si, by weight) by arc melting and direct-chill freezing on a copper hearth in an argon atmosphere. [31] Each alloy specimen (~15 grams) was arc melted 5 additional times under argon to ensure homogeneity. The as-cast and heat-treated (long-duration) specimens were analyzed using SEM, EPMA/WDS, XRD, and differential scanning calorimetry (DSC). The results, summarized in Tables II and III, show that, in addition to the two terminal solid solutions, four intermetallic phases exhibit ranges of stability as shown in Figures 3, 4 , 5, 6, 7, 8, 9, and 10. These results are further summarized in Figure 1 , where the test alloy compositions and phase compositions are superimposed on the phase diagram proposed by Du et al. [11] Observations and interpretations are discussed below.
Considering first the stability range for the Pd 5 Si-l phase, we examine test specimens with compositions on either side of the expected range, equilibrated at selected temperatures from 988 K to 1093 K (715°C to 820°C).
As listed in Table II, but finite range of solubility for the Pd 5 Si-l phase. Based on a relatively small set of data, we note that this entire range is well below the expected value of 16.7 at. pct, indicated by the stoichiometry of the Pd 5 Si-l phase.
Noting that the composition range observed here is consistent with the previously reported Pd 21 Si 4 -r phase [12] for which no structure was determined, we assert here that all of these observations are associated with the same Pd 5 Si-l phase, with stability extending down to 0 K (À273°C), where a composition of 0.167 is expected. These observations, which we employ in our model, differ substantially from prior reports, [12, 23] stating that the Pd 5 Si-l decomposes through eutectoid reaction either to Pd-fcc plus Pd 3 Si-b at 1001 K (728°C) [23] or to Pd 21 Si 4 -r plus Pd 9 Si 2 -a at 1081 K (808°C). [12] We note further that the prior report [23] was based on differential thermal analysis employing dynamic heating while our experiments employ long-duration isothermal heat treatments, more likely to approach the equilibrium state.
In a similar manner, the stability of the Pd 9 Si 2 -a phase was examined using specimen compositions that bracket the stoichiometric value of 18.2 at. pct Si, as listed in Table II . This phase was observed in the solidification structures arising from arc-melting specimens for compositions of 16.7 and 17.7 at. pct Si (M2, M3). The long-duration heat treatment experiments (H3 to H11 in Table II) show the Pd 9 Si 2 -a phase with an average composition of 18.42 (±0.11) and an upper temperature limit of approximately 1091 K (818°C). Heat treatments H7 and H8 show that this phase persists as a stable phase down to 913 K (640°C). Coupled with first-principles calculations which shown that Pd 9 Si 2 -a is stable to 0 K (À273°C), we take this phase as stable from 0 K to 1091 K (À273°C to 818°C). This is consistent with reported observations of Pd 9 Si 2 -a crystallization at low temperature from non-crystalline material produced by melt spinning. [13] [14] [15] [16] [17] [18] In reports, [11, 12] Table II ). The corresponding two-phase microstructure and X-ray data are shown in Figure 6 . In addition, DSC results (D2 and D3 in Table III) for compositions of 16.7 and 17.7 at. pct Si show no indication of any reaction until high temperature decomposition reactions involving the Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, and liquid phases. Given that there is no proposed structure for the Pd 14 Si 3 phase, no first-principles calculations were performed. With no compelling evidence to suggest that this phase is stable under any conditions, we do not consider it further in this work, noting that absence as a stable phase certainly does not preclude its observation as a metastable phase in practice.
The Pd 15 Si 4 phase was reported to be stable between 1026 K and 1065 K (753°C and 792°C). [11, 12] To confirm the stability of the Pd 15 Si 4 phase, the Pd-20.0 at. pct Si alloy was treated at 1038 K (765°C) for 148 hours (H9) revealing the two phases Pd 9 Si 2 -r and Pd 3 Si-b microstructure as shown in Figure 9 and in Table II . We conclude that the Pd 15 Si 4 phase reported by Massara and Feschotte [12] is not stable and is not considered further in this work.
As mentioned in Section II, the first-principles results in Figure 2 show that the PdSi-d phase is a stable phase at low temperature while the experimental investigations [12, 20, 22] conclude that the PdSi-d phase is not stable at low temperature. The experimental data of Majni et al. [20] indicate decomposition of the PdSi-d phase at 873 K (600°C), while those reported by Langer and Wachetel [22] and Massara and Feschotte [12] indicate decomposition at 1097 K and 1161 K (824°C and 888°C), respectively. To clarify the stability of the PdSi-d phase, the Pd-64 at. pct Si test alloy was treated at 934 K (661°C) for 212 hours (H12 in Table II ). Figure 10 (a) shows the microstructure with the compositions of the phases listed in Table II . The XRD data in indicates that the phases are Pd 2 Si-c with Fe 2 P prototype and Si-dia, respectively, where Si-dia is a primary phase. Therefore, we conclude that the PdSi-d phase is not stable below 934 K (661°C). We use the experimental report of Langer and Wachetel [22] and adopt 1097 K (824°C) as the lower bound decomposition temperature for PdSi-d.
According to Nylund, [24] Pd 2 Si-c exhibits the Fe 2 P prototype structure. Our results in Figure 10 (b) indicate that Pd 2 Si-c with the Fe 2 P prototype is in equilibrium with Si-dia. To further confirm the Pd 2 Si-c phase, a Pd-31 at. pct Si test alloy was treated at 1093 K (820°C) for 168 hours (H13 in Table II) , as shown in Figure 10 (c) and (d), indicating that the microstructure consists of Pd 2 Si-c and Pd 3 Si-b phases. We conclude that Pd 2 Si-c is the only phase near the composition x Si =0.333 rather than three phases as shown in Figure 1 . [11] Based on experimental analyses and first-principles calculations discussed above, along with a review of prior reports for phase stability in this system, we treat the Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, Pd 2 Si-c , and PdSi-d as stable over some temperature range and focus only on these phases in our modeling effort. With no evidence in our current study to suggest that the previously reported phases of Pd 14 Si 3 , Pd 15 Si 4 , and Pd 21 Si 4 -r exhibit any range of stability and no reported structural information for any of these phases, we do not consider these phases further in the current treatment. 
IV. ENERGETICS AND RESULT ANALYSIS
The binary Pd-Si binary phase diagram is described here using a standard semi-empirical solution-based modeling approach, incorporating experimental data and first-principles calculations for parameter evaluation. A total of 8 distinct phases are included in the current description, as listed in Table IV , where the liquid phase is described with the association model, and the fcc and Si-dia phases are modeled as binary regular solutions, and the five intermediate phases (Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, Pd 2 Si-c, and PdSi-d) are treated with a two-sublattice model. For any phase, /, the total Gibbs free energy is given generally by the sum of three contributions:
where the subscript, m, indicates that all terms are molar quantities. The first term in Eq. [2] is the sum of occupancy-weighted sublattice end-member contributions, while the second and third terms are the ideal and excess parts of the Gibbs free energy of mixing, respectively. The comprehensive thermodynamic model is detailed in Table IV while the parameters for end-member properties from Reference 32 and mixing properties are given in Tables V and VI, respectively. Parameter evaluation is based on experimental data and first-principles results, as described briefly below.
The parameter evaluation process was begun by considering the liquid phase. Based on reported chemical short-range ordering (CSRO) centered around the Pd 2 Si composition, [33] we choose to formulate the solution free energy using three chemical associate species, including Pd, Si, and Pd 2 Si. Additionally, the high melting temperature of the Pd 2 Si phase demonstrates its high relative stability, and this composition is consistent with a minimum in the measured enthalpy of mixing, as shown in Figure 11 . With these experimental data, [33] [34] [35] [36] [37] the model parameters for liquid in Table IV were evaluated, as listed in Table VI . The corresponding model values for mixing properties (enthalpy and Gibbs free energy) are shown in Figures 11(a) and (b) and compared with experimental reports of mixing enthalpy at 1400 K, 1600 K, 1723 K, and 1820 K (1127°C, 1327°C, 1450°C, and 1547°C).* The equilibrium associate fractions varying with composition (at 1700 K (1427°C)) and over a range of temperature (with x Si = 0.33) are shown in Figures 11(c) and (d) , respectively, where the equilibrium fraction of Pd 2 Si increases with decreasing temperature.
The Pd-fcc and Si-dia phases are treated as simple binary substitutional solutions. The parameters for the fcc phase were evaluated using reported experimental data, [19] [20] [21] [22] 40] as listed in Table VI. For the Pd 2 Si-c phase, the four parameters, a c i:j (i,j = Pd,Si) in Table VI , are determined with the first-principles results in Table I . With the experimental melting temperature in Figure 12 Si was considered to describe the homogeneous range of the c phase and evaluated with experimental data. [12, 22] Similar to the c phase, the parameters a b i:j (i,i = Pd,Si) for the Pd 3 Si-b phase are determined with the first-principles data in Table I . If we just employ the parameter b b Pd:Si which is determined with melting temperature [10, 12, 19, 20, 22, 23] and set the parameter c b Pd:Si to be 
Pd 5 Si-lIII ðPd; SiÞ 0:84 ðPd; SiÞ 0:16 *Enthalpy of mixing results in Ref. [38, 39] mentioned in Ref. [11] were not implemented in the present analysis. The calorimeter measurements reported in Ref. [38] are for the Cu-In system rather than the Pd-Si system. In Ref. [39] , the enthalpy of mixing for Pd-Si liquid was calculated from the partial enthalpies of Pd and Si using the Gibbs-Duhem relation rather than direct measurement. As authors mentioned in the report, [39] the calculated partial enthalpy of Si does not quite agree with the experimental ones. Therefore, instead of results in Ref. [39] , we plotted the experimental data [35, 37] measured more recently (by the same group as Ref. [39] in Figure 11(a).) zero, the calculated liquidus deviates from the experimental data. [10, 12, 19, 20, 22, 23] The parameter c b Pd:Si thus has to be considered and is evaluated in Table VI . The remainder parameters were assumed to be zero.
As description in Section II, the first-principles result indicates that the Pd 5 Si-l phase with the composition 16.7 at. pct Si is stable at zero kelvin, while the experimental data in Section III show that the composition of the Pd 5 Si-l phase is between 16 and 16.3 at. pct Si at high temperature. First-principles calculation were not performed for the Pd 5 Si-l phase with the composition at 16 at. pct Si due to unclear atomic configuration. For prospective application, the Pd 5 Si-l phase thus is described with the two formulations, ðPd; Table II . The evaluated parameters are listed Table VI. The three parameter sets for the Pd 9 Si 2 -a phase correspond to each of three parameter sets for the Pd 5 Si-l phase (I, II, III) and are evaluated with the data in Table I and Section III. Figures 12(cI) through (cIII) are the calculated phase diagrams using the three parameter sets for the Pd 5 Si-l and Pd 9 Si 2 -a phases in Tables V and VI, respectively. The PdSi-d phase is a high temperature stable phase, and its parameters a Each Gibbs free energy is described as 0 G
[32] [12] i.e., liquid!PdSi-d þ Si. The reliability of this evaluation arises from the use of both first-principles calculations and experiments to clarify the relative stability of the intermetallic phases. Our findings show several significant differences in comparison with previous report. [9, 11] Notably, (i) the calculated enthalpies of formation (solid line) for the compounds shown in Figure 12 and the experimental data in Table II (ii) The fcc phase boundary shows good agreement with experimental data (Figure 12(a) ). (iii) Pd 3 Si-b is described as congruent melting compound. (iv) The compounds Pd 2 Si, Pd 2 Si À I and Pd 2 Si À II shown in Figure 1 [11] are described as one phase, i.e., Pd 2 Si-c with homogeneous composition range. The calculated thermodynamic properties and phase diagram from the model are shown in Figures 2, 11 , and 12, where we can see that the experimental data and first-principles data are well represented.
V. SUMMARY
The stabilities of the compounds in Pd-Si system were investigated by employing first-principles calculations and experimental measurements. The results indicate that the Pd 5 Si-l, Pd 9 Si 2 -a, Pd 3 Si-b, and Pd 2 Si-c are stable all way to zero temperature, while PdSi-d is a high temperature stable phase. The Pd 21 Si 4 -r, Pd 14 Si 3 , and Pd 15 Si 4 phases were not observed in our experiments and are not considered as stable phases. Due to component Si dissolved in Pd-fcc and Pd in Si-dia, the lattice parameters of the Pd-fcc phase in the heat-treated Pd-14 at. pct Si alloy and the Si-dia phase in the heat-treated Pd-64 at. pct Si alloy deviate from those of pure elements. In the thermodynamic treatment, the model parameters are fitted using available experimental data and first-principles data, and the resulting phase diagram is reported over the full range of compositions in the Pd-Si binary system.
